Inactivation of the hyperparathyroidism-jaw tumour syndrome (HPT-JT) gene, HRPT2, was recently established as a genetic mechanism in the development of parathyroid tumours. Its encoded protein parafibromin has tumour-suppressor properties that play an important role in tumour development in the parathyroids, jaws and kidneys. Inactivating HRPT2 mutations are common in HPT-JT and parathyroid carcinomas, and have been described in a few cases of parathyroid adenomas with cystic features. In this study, 46 cases of cystic parathyroid adenomas previously investigated for HRPT2 mutations were characterized with regard to MEN1 gene mutations, cyclin D1 expression and parafibromin expression. In normal tissues and cell lines, parafibromin was ubiquitously expressed. Furthermore, parafibromin was detected as a dominating nuclear and a weaker cytoplasmic signal in transfected cell lines. In the three parathyroid tumours with inactivating HRPT2 mutations parafibromin expression was not detectable, and in one of two cases with aberrantly sized parafibromin the protein was delocalized. Both high and low cyclin D1 levels were found among HRPT2-mutated and -unmutated tumours, suggesting that these events are not mutually exclusive in parathyroid tumour development. The presented data suggest that in the majority of benign parathyroid tumours the expression of parafibromin remains unaltered, while the loss of parafibromin expression is strongly indicative of gene inactivation through mutation of the HRPT2 gene.
Introduction
Primary hyperparathyroidism (PHPT) affects 1% of the general population (Lundgren et al. 1997) , and commonly occurs as a sporadic disorder caused by a single parathyroid adenoma. The major known genes underlying PHPT are the oncogene cyclin D1, the calcium-sensing receptor (CASR), and the tumour-suppressor genes for multiple endocrine neoplasia type 1 (MEN1) in chromosome region 11q13 and hyperparathyroidism-jaw tumour syndrome (HPT-JT; HRPT2) in region 1q25. In HPT-JT (Jackson et al. 1990; OMIM 145001) , the PHPT usually involves one or two adenoma(s), often with cystic features, and a significantly increased risk of parathyroid carcinoma. Inactivating germ-line HRPT2 mutations are reported in kindreds with HPT-JT and sometimes familial isolated PHPT (Carpten et al. 2002 , Villablanca et al. 2004 , Howell et al. 2003 , Simonds et al. 2004 , Cavaco et al. 2004 , Cetani et al. 2004 , Moon et al. 2004 . The majority of sporadic parathyroid carcinomas also involve one or two mutations of germ-line and/or somatic type, as well as loss of parafibromin immunoreactivity (Shattuck et al. 2003 , Howell et al. 2003 , Cetani et al. 2004 . In contrast, while MEN1 mutations are common in parathyroid adenomas, somatic HRPT2 mutations have only been reported in four out of 137 adenomas studied, notably all with cystic features (Carpten et al. 2002 , Howell et al. 2003 , Cetani et al. 2004 , Krebs et al. 2005 . These findings suggest that HRPT2 is a major gene involved in development of parathyroid malignancy (Weinstein & Simonds 2003) , but of limited importance in benign parathyroid tumours. In agreement with these findings global gene expression profiling has identified distinct expression signatures in HRPT2-associated tumours compared with MEN1-linked tumours . However, the relative importance of HRPT2 and MEN1 in the adenoma group remains to be defined.
The HRPT2 gene is expressed in several human tissues, including ÿ among others ÿ parathyroid, bone and kidney, i.e. the principally affected organs in HPT-JT (Carpten et al. 2002) . The encoded 531-amino acid protein parafibromin is a part of a human Paf1 complex and associates with proteins involved in cell proliferation, transcription regulation and histone modification (Rozenblatt-Rosen et al. 2005 , Yart et al. 2005 . In vitro studies have also demonstrated anti-proliferative effects and down-regulation of cyclin D1 expression by wildtype parafibromin, but not by mutated HRPT2 (Woodard et al. 2005 , Yart et al. 2005 ). Here we have investigated parafibromin expression in vitro and in vivo, as well as in relation to HRPT2 and MEN1 gene status of cystic parathyroid adenomas.
Materials and methods

Cell lines
Six established human cell-lines were studied, including HEK-293 (embryonal kidney), HeLa (vulvar squamous cell carcinoma), U2020 (small cell lung carcinoma), HepG2 (hepatoblastoma), SH-SY5Y (neuroblastoma) and COS (simian virus 40-transformed monkey kidney cell lines COS-1 and COS-7). The cells were routinely maintained and cultivated in Dulbecco's modified Eagle's medium (DMEM) or RPMI 1640 supplemented with 10% fetal calf serum at 37 8C.
Tissue samples
All 46 cases studied have been previously published with respect to their clinical characteristics (Table  1) , cystic features and the presence or absence of somatic HRPT2 mutations (Villablanca et al. 2002a , Carpten et al. 2002 . In short, fresh-frozen tissue samples were obtained with informed consent and ethical approval at the Karolinska University Hospital, Solna, Sweden. All tumours were histopathologically diagnosed as parathyroid adenoma according to the World Health Organization classification (DeLellis et al. 2004) , and presented cysts of larger and microscopic types. Representativity testing confirmed the diagnosis and a high proportion of tumour cells in all cases.
Histopathologically verified samples of secondary HPT glands, as well as normal parathyroid gland, pancreas and kidney, were similarly obtained as fresh-frozen tissue samples. Furthermore, paraffinembedded, histopathologically verified normal parathyroid gland tissue was used as a positive control for immunohistochemistry.
Transfection assays and live cell imaging
Three constructs were used for transfection studies. Plasmid pCMV.SPORT6.HRPT2 was the IMAGE clone 6170851 that contained the full-length HRPT2 cDNA (GenBank accession no. BC065037) in pCMV-SPORT6 (Invitrogen). To create the plasmid pcDNA3.HRPT2 $ mGFP, a ClaI site was introduced in pCMV.SPORT6.HRPT2 by site-directed mutagenesis, thereby changing the codons for the last amino acids and the stop codon in the HRPT2 cDNA from TTCTGA to ATCGAT. Next, the obtained HRPT2 Asp-718/ClaI fragment was inserted into Asp-718/ClaI-opened pcDNA3.Cav2 $ mGFP (Uhles et al. 2003) , replacing the caveolin 2 cDNA with the HRPT2 cDNA. To generate the third plasmid, pCMV.SPORT6.HRPT2, the HRPT2 SfoI/NotI fragment was inserted into pRcCMVi.mGFP $ HRPT2 following cleavage with the respective restriction enzymes, in-frame into XmaI (filled in)/NotI-opened pRcCMVi.mGFP0. The accuracy of the constructs was verified by restriction analysis and/or DNA sequencing. As a negative control, a plasmid without the HRPT2 sequence (pcDNA3 $ mGFP) was used. The COS and HeLa cell lines were grown in DMEM with glutamine and supplemented with 10% fetal calf serum. Cells were plated in triplicate in six-well plates and transfected at 50% confluence. Transfection was performed with 2 mg plasmid DNA from each construct and Fugene or Lipofectamine reagent in DMEM without serum. Twenty-eight and 36 h after transfection the cells were harvested by washing in PBS and trypsinized.
The distribution of monomeric green fluorescent protein (mGFP)-tagged HRPT2 variants (mGFP $ HRPT2 and HRPT2 $ mGFP) in transfected COS cells was analyzed by laser-scanning confocal microscopy in a Leica TCS SP2 microscope (Leica Microsystems, Heidelberg, Germany) equipped with a Leica HCX P1 Apo Â63/1.20/0.17 UV objective lens as described by Uhles et al. (2003) . The following settings were used: excitation wavelength 488 nm (Ar laser) and 543 nm (HeNe laser), a 488/543 double dicroic mirror, and detection at 505ÿ525 nm. 
Western blot analyses
Proteins were extracted from tissues and cell pellets using standard methods (Dignam et al. 1983) , and measured by a dye-binding assay (Bradford 1976) . From each sample 30ÿ75 mg protein was electrophoresed in 10% Tricine gels or 8% Tris/Gly gels, blotted onto 0.2 mm nitrocellulose filters (Schleicher and Schuell, Dassel/Relliehausen, Germay) and incubated overnight at 4 8C with anti-parafibromin (511U; dilution 1: 500), anti-cyclin D1 (1 : 400), anti-b tubulin (1 : 1000), or anti-GFP (1 : 500). Antib tubulin served as an internal control for protein quality and loading, and the filters were stained with Ponceau Red (Sigma-Aldrich) as a control for protein presence. This was followed by washing, incubation with the secondary antibodies (goat anti-rabbit at a dilution of 1: 12 500 and goat anti-mouse at a dilution of 1: 25 000), detection with enhanced chemiluminiscence (ECL; Amersham Pharmacia Biotech) for 1 min, and exposure to Hyperfilm (Amersham Pharmacia Biotech). In control experiments, anti-parafibromin was blocked by pre-incubation with peptide antigen (i.e. blocking peptide, 1 h at room temperature and 3 h at 4ÿ8 8C). Dot-blots with immobilized peptide antigen were incubated with anti-parafibromin from both rabbits (dilutions 1:300, 1:1000 and 1:3000).
Immunohistochemistry
Immunohistochemical staining with anti-parafibromin (511U) was performed on 41 cystic parathyroid adenomas, and normal parathyroid controls. Ki-67 expression was determined in 15 cystic parathyroid adenomas with aberration in HRPT2, parafibromin or MEN1, as well as in four additional parathyroid adenomas with published MEN1 mutations . Paraffin sections cut at 4 mm were deparaffinized, rehydrated, and microwaveheated in citrate buffer (pH 6) for 20 min. Sections were incubated with 0.3% hydrogen peroxide in water for 30 min, blocked in 1% BSA for 20 min and incubated with primary antibody overnight (511U at dilution 1: 300; Ki-67 at dilution 1: 100). Antigenÿantibody binding was visualized using the avidinÿbiotinÿperoxidase complex (ABC) method (Vectastain, Elite kit; Vector Laboratories, Burlingame, CA, USA) for 30 min, diaminobenzedine tetrahydrochloride for 6 min, and counterstained in haematoxylin. In control experiments, antiparafibromin was blocked by preincubation with peptide antigen at 4 8C overnight. Parafibromin expression was scored by two of the authors whereby the subcellular localization (nucleus/cytoplasm) and the level of expression were evaluated. Proliferation index was determined by scoring at least 1500 cells from multiple areas of the slide in a randomized fashion as having either positive or negative Ki-67 expression.
Multiple-tissue mRNA expression analyses
A panel of human multiple-tissue cDNAs was purchased from Clontech (MTC Panel 1, catalogue no. K1420-1), and screened for HRPT2 expression by reverse transcriptase PCR (RT-PCR) using the primers HRPT2-F (5 0 -AGATGGCGGACGTGCT-TAGCG-3 0 ) and HRPT2-R (5 0 -TTGGATCCAGA-CGAACTTCA-3 0 ), and the Advantage 2 PCR kit (Clontech). For each reaction, a parallel amplification with G3PDH control primers supplied in the kit was performed as a positive control. The experiments were performed on two separate occasions with consistent results.
RNA isolation, cDNA synthesis and quantitative real-time PCR (qRT-PCR)
Total RNA was isolated from 41 of the 46 adenomas and from two normal parathyroid samples using TRIzol Reagent (Invitrogen). After purification with the RNeasy Kit (Qiagen), the 260/280 nm ratio C Juhlin et al.: Parafibromin expression in parathyroid adenomas (interval 1.9ÿ2.1) was determined by spectrophotometry. The integrity of the RNA was confirmed by denaturing gel electrophoresis, whereby sharp 28 S and 18 S bands were demonstrated. cDNA was synthesized from 2 mg each purified RNA sample using MultiScribe reverse transcriptase primed with random hexamers (High Capacity cDNA Archive Kit; Applied Biosystems, Foster City, CA, USA), according to the protocol of the manufacturer.
The mRNA expression levels HRPT2 were determined using the TaqMan technology and an ABI Prism 7700 sequence detection system (PE Applied Biosystems). HRPT2 sequence-specific primers and probe (Hs00363810_m1, Assay-on-Demand; Applied Biosystems) with specificity towards HRPT2 exons 2 and 3 were used for 41 tumours (Table 3 ). In addition, 10 of the 15 tumour samples with detected aberrations in MEN1, HRPT2 or parafibromin were analyzed using an additional assay with specificity towards HRPT2 exons 10 and 11 (Hs00225998_m1). The primers and probe for the housekeeping gene 36B4, used as a reference, have been published previously (Forsberg et al. 2005) . To establish a standard curve for relative quantification, cDNA derived from HeLa cells transfected with an HRPT2-containing plasmid was used. The qRT-PCR was performed in 25 ml reactions containing 1 Â TaqMan Universal Master Mix, 1 Â Target Assay Mix and 5 ml cDNA from each sample as a template, using 96-well optical reaction plates covered with optical caps (Applied Biosystems). The thermocycling conditions constituted 2 min at 50 8C, 10 min at 95 8C, and 40 cycles of 15 s at 95 8C and 1 min at 60 8C. All qRT-PCR experiments were performed in quintets.
Analysis of the raw data was performed using the Sequence Detection System (SDS) version 1.9.1 software (Applied Biosystems). Following quantification in relation to the generated standard curves, HRPT2 expression values were normalized to the respective 36B4 value, and subsequently normalized to 1 for the normal parathyroid reference. To ensure the sensitivity of the qRT-PCR method, an additional experiment with tumour samples 1:1 and diluted 1:2 was carried out. The 1 : 2-diluted tumour cDNAs exhibited a 2-fold reduction in HRPT2 mRNA expression compared with the original samples (data not shown), demonstrating the sensitivity of the method.
Mutation analysis of the MEN1 gene
The coding region of MEN1 (exons 2ÿ10) was sequenced according to published conditions (Villablanca et al. 2002b), using primers derived from the intronic regions to allow the detection of splice mutations (Table 2) , and an ABI 377 automated sequencer (PE Applied Biosystems). Detected mutations were precisely determined by sequencing at least 10 positive clones after one-step cloning according to a previously published protocol (Aldred et al. 2006) , and the mutated exons were sequenced in constitutional DNA to confirm the somatic status of the mutation.
Loss of heterozygosity (LOH) status in 1q25 (HRPT2) and 11q13 (MEN1)
The 46 matched blood and tumour DNA samples were previously genotyped for microsatellite markers Table 2 Primers and conditions used for mutation detection of MEN1 located close to and flanking HRPT2 in 1q25 and MEN1 in 11q13 (Carpten et al. 2002 , Villablanca et al. 2002a ; Table 3 ).
HRPT2 mutations
All 46 tumours were previously screened for HRPT2 mutations by sequencing of the entire coding region, as reported in Carpten et al. (2002) . Tumours T20, T41 and T42 harboured a somatic inactivating HRPT2 mutation (Table 3 ). In addition, case T3 exhibited a nucleotide alteration (AAT ! AGT) in exon 8 in tumour and constitutional DNA, which was predicted to lead to a missense alteration of asparagine to serine at position 272 (N272S). The patient is an isolated case of PHPT and was surgically treated at the age of 83, whereby one adenoma with cystic features (0.5 g) was removed. She had no personal or family history of familial isolated PHPT or HPT-JT and at present time she has no clinical or biochemical signs of PHPT.
Results
In vitro expression of parafibromin by transfection to COS and HeLa cells
Western analysis of HRPT2-transfected cells revealed a $60 kDa parafibromin-specific band in both COS and HeLa cells (Fig. 1C) , corresponding to predicted wild-type parafibromin. In cells transfected with GFP-tagged constructs (mGFP$HRPT2 and HRPT2 $ mGFP) a $90 kDa band was detected using antibodies against parafibromin as well as against GFP (Fig. 1D ), in agreement with the size expected. However, the non-transfected cells revealed no or only weak expression of the $60 kDa product. Live-cell imaging of mGFP $ HRPT2 and HRPT2 $ mGFP resulted in strong nuclear signal and a weaker cytoplasmic signal using both constructs ( Fig. 1A and B).
Expression of HRPT2 and parafibromin in normal tissues and established cell lines
Analysis of a multiple-tissue cDNA panel revealed a single transcript of $1.5 kb in size, in agreement with the primer design (data not shown). This transcript was seen in all tissues analyzed, including brain, heart, kidney, liver, lung, pancreas, placenta and skeletal muscle, suggesting that the HRPT2 gene is ubiquitously expressed in normal human tissues.
By western blot analysis, expression of a $60 kDa band corresponding to parafibromin was detected in the cell lines studied, including SH-SY5Y, HepG2, U2020 and HEK-293 cells (Fig. 2A) . The band detected by western blot analysis was successfully blocked by preincubation with the antigen, supporting the specificity of the finding (Fig. 2A) . In addition to the $60 kDa band, a smaller band ($45 kDa) was also observed, possibly representing non-specific binding or an alternative product ( Fig.  2A) . Normal pancreas, normal kidney and secondary HPT glands all expressed a $60 kDa parafibrominspecific product (Fig. 2B ).
Mutations and LOH status of MEN1 and HRPT2
Previously published findings of LOH in 1q25 and 11q13 and of HRPT2 mutations (Carpten et al. 2002 , Villablanca et al. 2002a ) are detailed in Table  3 together with results from MEN1 mutation analysis carried out here. Two MEN1 mutations were identified in two of the tumours (T28 and T39; Table 3 , Fig. 3 ). In case of T28, a 1 bp deletion in exon 2 (c68delC) was detected and in case of T39 the mutation consisted of a 6 bp deletion in exon 10 (c573del6). Both mutations are predicted to inactivate the encoded menin protein through inframe deletion of two amino acids and protein truncation, respectively. None of the two MEN1-mutated adenomas harboured mutation or LOH of the HRPT2 gene. Similarly, the three tumours with HRPT2 mutations were without involvement of the MEN1 gene.
Loss of parafibromin expression in HRPT2-mutated adenomas
In 40/46 tumours expression of a $60 kDa parafibromin product was revealed by western blot analysis (Table 3) . However, in three tumours expression of parafibromin was not detectable (T20, T41 and T42; Table 3 , Fig. 2C ). In addition, in two tumours the parafibromin antibody detected protein products of slightly smaller size only (T34 and T38; Table 3, Fig. 2) .
The results of immunohistochemical staining of the parathyroid tumours for parafibromin are summarized in Table 3 and exemplified in Fig. 4 . In normal parathyroid tissue parafibromin immunoreactivity was highly specific for the parathyroid cells without staining of connective tissue or blood vessels ( Fig. 4A and B) . All three normal parathyroids studied exhibited clear nuclear localization Endocrine-Related Cancer (2006) 13 509-523 www.endocrinology-journals.org of parafibromin, and in one of the samples an additional weaker cytoplasmic signal was also observed. The main staining pattern was nuclear immunoreactivity only, which was observed in 34/41 tumours (Fig. 4CÿF) . Three tumours showed both nuclear staining together with weaker cytoplasmic expression (T6, T21 and T38; Table 3 , Fig. 4E and F) , while one tumour only exhibited cytoplasmic expression (T34). The intensity of the staining was classified as positive, weakly positive or negative (Table 3 ) and the proportion of positive cells ranged from 50 to 100%. Finally, in the remaining three tumours (T20, T41 and T42) no parafibromin immunoreactivity was detected. Taken together, parafibromin immunoreactivity was not detected in any of the three tumours with identified HRPT2 mutation (Figs 2 and 4) . In addition, one of the three adenomas with aberrant parafibromin expression by western blot analysis showed only weak cytoplasmic expression without a nuclear signal (T34). All the other 37 adenomas studied exhibited nuclear parafibromin expression of varying intensity, in three cases together with a weak cytoplasmic signal.
HRPT2 mRNA expression in parathyroid adenomas
Forty-one of the 46 cystic adenomas and two normal parathyroid biopsies (N1 and N2) were studied by qRT-PCR (Table 3 ; Fig. 5) . Forty of the 41 adenomas studied exhibited positive HRPT2 mRNA expression levels, without gross deviation from the two normal parathyroids (adenomas 0.35ÿ1.57; normals 1).
Furthermore, similar results were obtained using assays targeting the 5 0 end (exon 2/3) and 3 0 end (exon 10/11) of the HRPT2 gene, respectively, on 10 of the tumours and normal parathyroids (Fig. 5,  lower panel) . Tumour T41 showed a strongly increased HRPT2 expression that was particularly pronounced with the exon 2/3 assay (Fig. 5) .
Cyclin D1 expression in relation to parafibromin expression in parathyroid adenomas
Cyclin D1 expression was classified as absent (ÿ), weak (þ), moderate (þþ) or strong (þþþ ;  Table 3 ). In six tumours no cyclin D1 expression Figure 2 Western-blot analyses of parafibromin and cyclin D1. Parafibromin protein is demonstrated in total cellular extracts from (A) established cell lines (B) non-tumour human tissues and (C) total cellular extracts from parathyroid adenomas. Positive expression of a parafibromin-specific band is marked by Pos, and lack of expression is indicated by Neg. In (A) the results from cell lines are shown with and without blocking of the antibody, and the blocking peptide used as control refers to the synthetic peptide. The sizes of the markers are given to the left in kDa. 28HPT, secondary hyperparathyroidism. (2006) 13 509-523 www.endocrinology-journals.org was detected, while the remaining 38 parathyroid adenomas showed positive expression of varying intensity (Table 3) . No associations were observed between cyclin D1 expression/expression level and parafibromin expression or HRPT2 mutation status (Fig. 2C) .
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Proliferation index in HRPT2 and MEN1 mutated adenomas
The proliferation index was determined by Ki-67 immunohistochemistry analysis of 19 parathyroid adenomas, including 15 samples from this study and four samples previously identified with MEN1 mutations. In general, all tumours showed a low level of proliferation (range 0.02ÿ0.7%). No statistical significance was found in Ki-67 index between tumours with HRPT2 genetic aberration (mutation/LOH) and those tumours with MEN1 mutations (data not shown).
Discussion
In the present study we demonstrate that parafibromin, encoded by HRPT2, is expressed in normal and neoplastic tissues as a $60 kDa protein. This finding is well in agreement with the 531-amino acid product predicted from the 1596 bp open reading frame of the 2.7 kb major RNA transcript. In addition, tumours with deleterious HRPT2 mutations specifically showed loss of parafibromin expression by both Western blot and immunohistochemistry.
Expression of the HRPT2 gene was demonstrated by RT-PCR in all normal tissues analysed, in agreement with previously published Northernblotting data (Carpten et al. 2002) , thus suggesting a ubiquitous expression of HRPT2 in normal human tissues. Similarly we observed expression of parafibromin protein in different normal tissues (parathyroid, kidney and pancreas). These findings corroborate with the findings by Woodard et al. (2005) , where in addition parafibromin expression was demonstrated in adrenal glands, heart and skeletal muscle. Thus HRPT2/parafibromin is normally expressed in tissues where tumours typically arise in the HPT-JT syndrome (parathyroid gland, jaw and kidney), in agreement with the expectations for a tumour-suppressor gene.
By immunohistochemistry, colocalization and coimmunoprecipitation studies, parafibromin has Endocrine-Related Cancer (2006) 13 509-523 www.endocrinology-journals.org Figure 5 qRT-PCR analysis of the RNA expression levels of HRPT2 mRNA levels in cystic parathyroid adenomas (T1-T41) and in two normal parathyroid samples (N1 and N2) . The results are demonstrated for the mean of quintets PCR assays and after normalization against the housekeeping gene 36B4. Top panel: results for all the tumours included in the study using the HRPT2 probe against exon 2/3. Bottom panel: for comparison, an additional probe (against exon 10/11) was included for 10 of the tumours and the two normals.
been suggested to be a nuclear protein , Rozenblatt-Rosen et al. 2005 , Yart et al. 2005 and to associate with proteins involved in transcriptional regulation (Rozenblatt-Rosen et al. 2005) as well as in cell proliferation (Woodard et al. 2005) . In addition, both nuclear and cytoplasmic localization has also been demonstrated by subcellular fractionation and immunoflourescence analysis in normal parathyroid tissue (Woodard et al. 2005) . In agreement with these findings, we observed parafibromin expression in the nucleus, sometimes with an additional weaker cytoplasmatic component. This pattern was observed both in vitro and in vivo as well as in normal and neoplastic tissues.
Given the low frequency of HRPT2 mutations in the selected material, we hypothesized that cystic adenomas could either result from different genetic origin than HRPT2 mutation, or that other mechanisms for parafibromin inactivation are operative, such as epigenetic or regulatory inactivation. For this purpose, we have studied parafibromin and HRPT2 gene expression in these tumours. Positive parafibromin expression was revealed in most of the tumours by western blot analysis and confirmed by immunohistochemistry. Furthermore, no remarkable differences in parafibromin expression level were noted between tumours with LOH at HRPT2 in 1q25 and those without LOH in this region. In contrast, the three tumours with inactivating HRPT2 mutations did not exhibit any parafibromin expression. This finding is well in agreement with the types of HRPT2 mutation involved, which were all predicted to lead to a truncated protein. An additional tumour without demonstrated HRPT2 mutation revealed an aberrantly sized parafibromin protein product and a lack of nuclear parafibromin staining. These findings would further support the suggested tumour-suppressor function of parafibromin, and are consistent with the results of recent studies performed by immunohistochemistry and western blot analysis on sporadic parathyroid carcinomas , Woodard et al. 2005 .
By qRT-PCR we found HRPT2 mRNA expression in all tumours and normal parathyroid glands studied. With one exception all tumours showed comparable levels to the normal tissues. Specifically, the tumours with 1q25 LOH showed similar HRPT2 expression levels as tumours without 1q25 LOH, suggesting the involvement of compensatory mechanisms acting on the transcript level. As these tumours have normal HRPT2 sequence and parafibromin expression, one functional HRPT2 allele is likely to be operative. In contrast, case T20 exhibited a somatic HRPT2 mutation and retained HRPT2 mRNA expression level although no parafibromin expression was detectable. The detected HRPT2 transcript could represent either the mutated or the wild-type allele, and several mechanisms for its inactivation can be considered, including an undetected mutation, epigenetic silencing and dominant-negative effect by the mutated allele. The frequent occurrence of two HRPT2 mutations in parathyroid carcinomas suggests that two inactivating events are required for gene inactivation and tumour development. The demonstration of both wild-type and mutant transcripts in constitutional tissue from hereditary HPT-JT related to an HRPT2 splice mutation would also argue against a dominant effect on the transcript level, at least in non-parathyroid cells (Moon et al. 2005) . In case T41 one somatic HRPT2 mutation was detected and the family was linked to the HRPT2 locus ). An additional germ-line HRPT2 mutation would be expected in this patient, but was not identified by sequencing of the coding regions. However, HRPT2 mutations have so far only been demonstrated in about 60% of 1q25-linked HPT-JT kindreds (Carpten et al. 2002) . HRPT2 gene expression was strongly increased in T41, while parafibromin was lost in the tumour as compared to the normal rim of the parathyroid tissue.
The oncogene cyclin D1 was expressed in both high and low levels among HRPT2 mutated and non-mutated tumours, suggesting that these events are not mutually exclusive in parathyroid tumour development. This finding is somewhat in contrast to the observed down-regulation of cyclin D1 by parafibromin in in vitro systems (Woodard et al. 2005) , indicating that cyclin D1 silencing in the parathyroid cell in vivo can result from additional mechanisms, and that cyclin D1 can still be expressed in the presence of parafibromin.
As parafibromin expression has been shown to inhibit proliferation in vitro (Woodard et al. 2005) , and parathyroid carcinomas are known to have increased proliferation index, we hypothesized that HRPT2-mutated adenomas would exhibit an increased proliferation index. In our limited samples series we observed similarly low proliferation index in tumours with or without HRPT2 mutation, MEN1 mutation, 1q25 LOH and 11q13 LOH. Thus, clinico-pathological differences between HRPT2-and MEN1-mutated adenomas were not strongly reflected on the level of proliferation. As HRPT2 mutants are linked to parathyroid malignancy, an Endocrine-Related Cancer (2006) 13 509-523 www.endocrinology-journals.org interesting question arises if the tumours presented here with loss of parafibromin expression are potentially malignant. To our knowledge, these patients have not relapsed since their initial parathyroidectomy, performed more than 10 years ago. At histopathological evaluation, one of the three tumours (T42) with HRPT2 mutation exhibited atypical features of the parathyroid adenoma. However, all other 45 tumours including tumour cases T3 and T41 were without atypical changes.
In summary, we demonstrate parafibromin expression in normal human tissues, as well as its absence in parathyroid tumours with structural HRPT2-inactivating mutations. The presented data suggest that in the majority of benign parathyroid tumours the expression of parafibromin remains unaltered, while the loss of parafibromin expression is strongly indicative of gene inactivation through mutation of the HRPT2 gene.
